The agent 2-chlorodeoxyadenosine (2-CdA) has chemotherapeutic activity in hairy cell leukemia (HCL) and in refractory chronic lymphocytic leukemia (CLL). The cytotoxic activity of 2-CdA requires the intracellular accumulation of 2-CdA nucleotides. Deoxycytidine kinase (dCK) and cytoplasmic 5-nucleotidase (5-NT) are the principal enzymes that phosphorylate 2-CdA and dephosphorylate 2-CdA 5 -monophosphate, respectively. The net accumulation of 2-CdA nucleotides may therefore depend on both dCK and 5'-NT. The purpose of the present experiments was to determine if there is a relationship between pretreatment levels of dCK and 5-NT in HCL and in CLL cells, and the clinical HE AGENT 2-chlorodeoxyadenosine (2-CdA) has che-T motherapeutic activity in refractory chronic lymphocytic leukemia (CLL)I4 and in hairy cell leukemia (HCL).1*3,5 However, the biochemical basis for the clinical efficacy of 2-CdA has not been clearly established. The in vitro toxic effects of 2-CdA require the formation of 2-CdA nucleotides. 2-CdA is phosphorylated exclusively by deoxycytidine kinase (dCK), since mutant lymphoblastoid cell lines that lack dCK are impervious to 2-CdA toxicity.6 In addition, cellular levels of cytoplasmic 5'-nucleotidase (5'-NT) profoundly influence 2-CdA ~ensitivity.~ This enzyme can dephosphorylate a variety of purine nucleotides. Mutant lymphoblasts with elevated cytoplasmic 5'-NT levels have a 2-CdA-resistant phen~type.~ Given a long enough period of exposure to 2-CdA, cells in which dCK levels greatly exceed 5'-NT levels should progressively accumulate 2-CdA nucleotides. In contrast, cells that have more 5'-NT than dCK should be relatively 2-CdAresistant. Hence, one might predict that the levels of both dCK and 5'-NT may influence the sensitivity of a malignant cell to 2-CdA toxicity.
MATERIALS AND METHODS
The immunoassay of dCK was performed as described.' Briefly, human dCK cDNA was amplified by polymerase chain reaction (PCR), and expressed as a fusion protein in the pMALcRl vector (New England Biolabs, Beverly, MA). Antibodies against the purified recombinant dCK fusion protein recognized the 30.5-Kd dCK polypeptide in immunoblots. Antibody binding was quantitated by laser densitometry, compared with purified dCK. The results are expressed as nanograms of dCK per milligram of cellular protein, as determined by Bradford's m e t h~d .~
In crude extracts of leukemia cell lines, and in fresh tumor cells, there was a strong correlation (r = .84, P < .001) between dCK catalytic activities, as measured by radioassay," and dCK protein levels, as measured by immunoassay. The dCK levels in separate samples from the same Immunoassay of dCK.
outcome of 2-CdA treatment. As measured by a direct immunoassay for dCK in 2 5 CLL patients, and by a 5-NT activity assay in 23 patients, mean dCK levels were significantly higher in 2-CdA responders than in nonresponders (P c .Ol), whereas mean 5-NT levels were significantly lower in 2-CdA responders than in nonresponders (P < .05).
Mean dCK levels were higher in six HCL 2-CdA responders than in one nonresponder, whereas mean 5-NT levels were lower in the 2-CdA responders than in the nonresponder. These results suggest that both dCK and 5-NT are determinants of 2-CdA responsiveness. 0 1993 by The American Society of Hematology. patient before treatment differed by only 5% verifying the reproducibility of the assay.
Cell extracts were prepared by sonication, and suspended in a buffer consisting of 20 mmol/L imidazole HCI, pH 7.0, 20 mmol/L MgCI2, 0.1 mmol/L EGTA, and 0. I mmol/L phenylmethylsulfonyl fluoride (buffer A). Adenosine monophosphate (AMP)-Sepharose (Sigma, St Louis, MO) affinity chromatography was used to separate 5'-NT from nonspecific phosphatases, according to the method of Spychala et al.",12 Two hundred microliters of extract in buffer A was applied to 0.2 mL AMP-Sepharose, which was washed with 1 mL of the same buffer. Then, cytoplasmic 5'-NT was eluted with 400 pL buffer A containing 0.5 mol/ L NaCI. The 5'-NT activities were then determined using [14C]-inosine monophosphate (IMP) ( 5 mmol/L, 2 X lo6 cpm/mmol; Amersham, Arlington Heights, IL). Reaction mixtures contained 20 mmol/L magnesium chloride, 5 mmol/L dithiothreitol, 0.2 mg/mL bovine serum albumin, 5 mmol/L adenosine triphosphate (ATP), and 0.5 mol/L sodium chloride in 50 mmol/L Tris chloride (pH 7.5). After a 30-minute incubation at 37"C, the reactions were terminated by addition of 1 mL of cold 50 mmol/L acetic acid. Each sample was filtered through a 0.5-mL column of anion-exchange AGI-X2 (BioRad, Richmond, CA; 100 to 200 mesh, chloride form) to retain unreacted nucleotides. The column was washed with 2 mL of 50-mmoll L acetic acid. The flow-through and wash fractions were collected directly in an scintillation vial for determination of their radioactivities. The reaction was linear with protein and with time up to 60 minutes.
CLL and HCL cells were isolated from heparinized peripheral blood by Histopaque (Sigma) centrifugation, and stored frozen in liquid nitrogen. We chose samples that contained
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at least 73% malignant cells, as determined by flow cytometry using monoclonal antibodies against CD5, CDllc, CD19, and K and X light chains, as described." The CLL patients' characteristics are summarized in Tables 1 and 2. The 2-CdA was administered by continuous intravenous infusion, according to our previously described proto-~0 1 .~~~ In CLL, "2-CdA responders" refers to patients who had partial remissions, according to the National Cancer Institute Working Group recommendation^.^^ "Nonresponders" refers to patients who had progressive or static disease. HCL responders were as previously described.' The data for the various groups are presented as the means k SD. The Mann-Whitney U test was used to compare the mean enzyme levels in the two patient groups. To assess the overall value of each test to predict 2-CdA responsiveness, a nonparametric modification of the receiver operating characteristic (ROC) curve was used, according to the method of DeLong et a1.I' Treatment protocol.
RESULTS
Immunoreactive dCK levels were determined in pretreatment CLL from 25 patients who received 2-CdA, including 1 1 responders and 14 nonresponders. The mean t SD level of dCK in the 2-CdA responders was 1,988 t 466 ng/mg cellular protein, compared with 1,13 1 t 609 ng/mg protein in the nonresponders (P < dCK level in two patients (one responder and one nonresponder) that were measured before and after 2-CdA treatment differed by less than 15%.
Cytoplasmic 5'-NT activities were determined in pretreatment CLL cells from 23 patients who received 2-CdA, including nine responders and 14 nonresponders. In patients 1 and 7, insufficient material was available for 5'-NT analyses. The mean t SD level of 5'-NT in the 2-CdA responders was 5.04 * 2.30 pmol/min/mg protein, compared with 12.0 * 7.76 pmol/min/mg protein in the nonresponders (P < .05). Thus, 2-CdA nonresponders had mean 5'-NT levels that were 2.38-fold higher than 2-CdA responders. The individual data points are shown in Fig 1. None of the eight patients with 5'-NT activities greater than 10 pmol/mg/mg protein responded to 2-CdA treatment, as indicated by the horizontal division in Fig 1. In one CLL patient who responded to 2-CdA, the 5'-NT activities were measured before and after treatment. The posttreatment value was 24% higher.
Both dCK protein and cytoplasmic 5'-NT were determined in pretreatment CLL from 23 patients who received 2-CdA. The calculated mean * SD of the dCK to 5'-NT ratio in the 2-CdA responders with CLL was 46 1 t 173, compared with 177 t 204 in the nonresponders (P < .01). For the assessment of the overall value of each test in predicting 2-CdA responsiveness, a nonparametric ROC curve was applied (Fig 2) . For a test with no predictive value, the area under the ROC curve is expected to be 0.5 of the total area in the box. However, the areas under the ROC
5'-NT activities in CLL.
dCK to 5'-NT ratios. Deoxycytidine kinase assay only due to insufficient sample for 5-NT assay.
t Although 92% of WBC were CD19+, a substantial percent of the cells did not express CD5.
For Table 1 . Although 98% of WBC were CD19+, only 56% expressed CD5 curves were 0.88,0.83, and 0.87 of the total for dCK, 5'-NT, and dCK to 5'-NT ratio, respectively (P < .05 in each case).
These data indicate that both dCK and 5'-NT levels are related to the outcome of 2-CdA treatment. Because most of the HCL patients had less than 70% malignant cells in the blood, and because very few failed to respond to 2-CdA, it was not possible to obtain representative samples of 2-CdA responders and nonresponders. The mean k SD immunoreactive dCK values in six 2-CdA responders who had more than 85% HCL cells in the blood was 353 k 96 ng/mg protein. 
DISCUSSION
These studies demonstrated a relationship between the response to 2-CdA chemotherapy in CLL and the pretreatment levels of dCK and cytoplasmic 5'-NT. The dCK levels were higher in 2-CdA responders than in nonresponders, whereas the reverse was true for cytoplasmic 5'-NT levels. These results suggest that both dCK and 5'-NT play a role in the in vivo activity of 2-CdA in CLL.
The dCK protein levels were as high in CLL cells as in rapidly proliferating leukemia cell lines. This finding is consistent with previous results showing that the activity of dCK is highest in lymphocytes and does not vary substantially during the cell growth cycle. 16 The exact function of the enzyme in normal and malignant lymphocytes with a low growth fraction is still not entirely clear. Based on the observation that dCK can phosphorylate deoxyadenosine and deoxyguanosine, as well as deoxycytidine, we have suggested that the enzyme may function in the salvage of deoxynucleosides necessary for DNA repair."
The mean dCK levels in HCL were threefold to fivefold lower than in CLL, despite the fact that HCL is much more responsive than CLL to 2-CdA chemotherapy. Among 278 HCL patients treated in San Diego with 2-CdA, 85% had complete remissions after a single course of treatment,3.5J8 and almost all the others had significant cytoreduction. In contrast, 44% of 90 advanced, refractory CLL patients responded clinically to CdA, and 4% had complete remiss i o n~. '~~'~ These results indicate that between different lymphocyte tumor types, dCK levels alone do not predict sensitivity to 2-CdA. We have previously postulated that the effectiveness of 2-CdA in HCL may also depend on the destruction of the lymphoid microenvironment, which facilitates the survival of the malignant cells. ' the HCL group, the mean dCK levels were higher in 2-CdA responders than in the nonresponder, as measured by both immunoassay and catalytic assay. Indeed, in the HCL patient who showed no clinical response to 2-CdA, the dCK level was extremely low. These results suggest that low dCK levels may be one mechanism for 2-CdA resistance in HCL.
In addition to 2-CdA, both fludarabine and cytarabine are established substrates for dCK. Leiby et a1 reported no significant relationship between dCK catalytic activity and response to fludarabine in patients with non-Hodgkin's disease. 20 Tattersall et a1 described low dCK activity in leukemic patients who did not respond to cytarabine." However, there was considerable overlap in enzyme activity in the cytarabineresponsive and nonresponsive patients. Recently, Owens et a1 demonstrated that structural gene mutations in dCK may mediate resistance to cytarabine in cultured cells. 22 Occasional instances of dCK deficiency have also been demonstrated to occur in the leukemic cells of patients and experimental animals treated with ~ytarabine.'~ It is not yet clear whether this constitutes a common mechanism of clinical resistance to the drug. In the 25 CLL and seven HCL patients analyzed in the present study, we found a strong correlation between dCK catalytic activities and dCK protein levels. Furthermore, one 2-CdA nonresponder with CLL and one nonresponder with HCL had very low levels of the enzyme (Fig 1) .
In lymphocytes maintained in tissue culture, the net accumulation of 2-CdA phosphates depends on the balance between phosphorylation of the nucleoside by dCK, and the dephosphorylation of its nucleotide product by cytoplasmic 5'-NT. 24 In an extensive survey of human malignant cell lines, the dCK to 5'-NT ratio correlated more strongly with sensitivity to 2-CdA than did dCK levels alone.' Whether this is true for sensitivity to fludarabine or cytarabine is entirely unknown, insofar as the nucleotide derivatives of 2-CdA, fludarabine, and cytarabine are metabolized differently.
None of the CLL patients with dCK levels less than or equal to 1,250 ng/mg protein, or with 5'-NT activities greater than or equal to 10 pmol/min/mg protein responded to 2-CdA. However, there were some patients with high dCK and low 5'-NT levels who nonetheless did not respond to 2-CdA therapy. Furthermore, the mean dCK to 5'-NT ratio in HCL was lower than in CLL. Thus, it is unlikely that chlorodeoxy (C1d)ATP levels in lelikemia cells correlate linearly with response. Other factors that may influence the toxicity of 2-CdA are the size of the dCTP pool, the pace of deoxycytidine e x~r e t i o n ,~~, *~ cell volume changes, the activities of DNA polymerase-a and -&I7 and the ratio of CldATP to dATP.25-26 In tissue culture, any metabolic change that enhances the rate of endogenous deoxycytidine production can impair the functional activity of dCK, since deoxycytidine is the preferred substrate for the enzyme.27 Such changes may potentially include increases in the activities of ribonucleotide reductase and CTP synthetase, as well as cytoplasmic 5'-NT.24,28,29 In the future, it will be interesting to determine if the levels of these enzymes, in addition to dCK and 5'-NT, are related to the chemotherapeutic efficacy of 2-CdA.
The immunoassay for dCK makes it simple to measure enzyme levels in small tumor biopsy specimens. We are currently working on the development of a cytoplasmic 5'-NT immunoassay so that we can directory measure the enzyme in crude tissue extracts. Using the two immunoassays, it should be possible to assess the variability of dCK and 5'-NT in many different tumor cell types. Such evaluations could be used to identify tumors that may potentially respond to 2-CdA treatment. Based on the data presented here, one would predict that pharmacologic inhibition of cytoplasmic 5'-NT should potentiate the efficacy of 2-CdA in HCL and CLL cells with high dCK levels, but equally high cytoplasmic 5'-NT activities. To date, no potent inhibitors of cytoplasmic 5'-NT have been reported. More detailed studies of the human enzyme, as well as the synthesis of potential cytoplasmic 5'-NT inhibitors, appear to be warranted.
